Pyrethroid insecticides are widely used as one of the most effective control measures in the global fight against agricultural arthropod pests and mosquito-borne diseases, including malaria and dengue. They exert toxic effects by altering the function of voltage-gated sodium channels, which are essential for proper electrical signaling in the nervous system. A major threat to the sustained use of pyrethroids for vector control is the emergence of mosquito resistance to pyrethroids worldwide. Here, we report the successful expression of a sodium channel, AaNa v 1-1, from Aedes aegypti in Xenopus oocytes, and the functional examination of nine sodium channel mutations that are associated with pyrethroid resistance in various Ae. aegypti and Anopheles gambiae populations around the world. Our analysis shows that five of the nine mutations reduce AaNa v 1-1 sensitivity to pyrethroids. Computer modeling and further mutational analysis revealed a surprising finding: Although two of the five confirmed mutations map to a previously proposed pyrethroid-receptor site in the house fly sodium channel, the other three mutations are mapped to a second receptor site. Discovery of this second putative receptor site provides a dual-receptor paradigm that could explain much of the molecular mechanisms of pyrethroid action and resistance as well as the high selectivity of pyrethroids on insect vs. mammalian sodium channels. Results from this study could impact future prediction and monitoring of pyrethroid resistance in mosquitoes and other arthropod pests and disease vectors.
Pyrethroid insecticides are widely used as one of the most effective control measures in the global fight against agricultural arthropod pests and mosquito-borne diseases, including malaria and dengue. They exert toxic effects by altering the function of voltage-gated sodium channels, which are essential for proper electrical signaling in the nervous system. A major threat to the sustained use of pyrethroids for vector control is the emergence of mosquito resistance to pyrethroids worldwide. Here, we report the successful expression of a sodium channel, AaNa v 1-1, from Aedes aegypti in Xenopus oocytes, and the functional examination of nine sodium channel mutations that are associated with pyrethroid resistance in various Ae. aegypti and Anopheles gambiae populations around the world. Our analysis shows that five of the nine mutations reduce AaNa v 1-1 sensitivity to pyrethroids. Computer modeling and further mutational analysis revealed a surprising finding: Although two of the five confirmed mutations map to a previously proposed pyrethroid-receptor site in the house fly sodium channel, the other three mutations are mapped to a second receptor site. Discovery of this second putative receptor site provides a dual-receptor paradigm that could explain much of the molecular mechanisms of pyrethroid action and resistance as well as the high selectivity of pyrethroids on insect vs. mammalian sodium channels. Results from this study could impact future prediction and monitoring of pyrethroid resistance in mosquitoes and other arthropod pests and disease vectors. P yrethroids are a large class of synthetic analogs of natural pyrethrins from the flowers of the pyrethrum daisy (Tanacetum cinerariaefolium) (1). They have been used extensively for the control of insect pests and disease vectors for more than three decades. In addition to conventional indoor residue sprays (IRS), use of insecticide-treated nets (ITNs) and long-lasting insecticide-treated nets (LLINs) has been proven to be effective against a wide range of insect vectors involved in the transmission of human diseases, such as malaria, leishmaniasis, Chagas disease, and dengue (2) . Currently, ITNs and LLINs are some of the most powerful control measures to reduce malaria morbidity and mortality worldwide. To date, pyrethroids are the only insecticides used for net impregnation in both ITNs and LLIN because of their fast-acting and highly insecticidal activities and their low mammalian toxicity (2, 3) .
Voltage-gated sodium channels are essential for the initiation and propagation of action potentials in the nervous system and other excitable cells. Like mammalian sodium channels, insect sodium channels comprise four homologous domains (I-IV), each having six membrane spanning segments (S1-S6) (Fig. 1) . S4 segments along with S1-S3 segments constitute the voltagesensing modules, whereas S5, S6, and the membrane-reentrant loop (called the P-region), which connects S5 and S6 segments, form the pore module. In response to membrane depolarization, S4 segments move outward, initiating the opening of sodium channels (i.e., the opening of the activation gate). This process is called activation. According to the crystal structures of the closed potassium channels (4, 5) and the bacterial voltage-gated sodium channel (Na V Ab) (6), the activation gate is located at the cytoplasmic end of the pore, where all four S6 segments converge. After a brief opening, the sodium channel is inactivated. This is achieved by the movement of an inactivation particle (formed mainly by residues in the short intracellular linker connecting domains III and IV), which physically occludes the open pore. Upon repolarization, the sodium channel recovers from the fast inactivation and deactivates (i.e., closing of the activation gate). Pyrethroids mainly inhibit channel deactivation and inactivation, resulting in prolonged opening of sodium channels (7) (8) (9) (10) . As a consequence, pyrethroids cause repetitive firing and depolarization of the nerve membrane, disrupting the electrical signaling in the insect nervous system (7-9).
As highlighted recently (11), a major threat to the sustained use of pyrethroids in malaria control is the development of pyrethroid resistance. Indeed, pyrethroid resistance has emerged as one of the most serious concerns to future success of malaria control (references in ref. 12) . A prominent mechanism of pyrethroid resistance is called knockdown resistance (kdr), which is caused by mutations in the sodium channel and has been documented globally in almost all major arthropod pests and disease vectors (12) (13) (14) . To date, more than a dozen kdr mutations have been confirmed to reduce insect sodium channel sensitivity to pyrethroids using the Xenopus oocyte expression system (12) (13) (14) . Identification of kdr mutations has already led to successful development of rapid and accurate molecular methods to detect pyrethroid resistance in field populations, particularly in various mosquito populations (references in ref. 12) .
Identification of kdr mutations has also set a foundation for computer modeling and model-guided mutagenesis to address a fundamental question in pyrethroid action and pyrethroid resistance: the elusive pyrethroid-receptor site(s) on the sodium channel. In a previous study, O'Reilly et al. proposed a pyrethroid-receptor site model in the open state of the house fly sodium channel, based on the crystal structure of voltage-gated potassium channels (15) . This model predicts that pyrethroids bind to the lipid-exposed interface formed by the linker helix connecting S4 and S5 in domain II (IIL45), and helices IIIS6 and IIS5 (the IIL45-IIS5-IIIS6 triangle model or site 1 hereinafter). Experimental data from systematic site-directed mutagenesis studies in these regions support this model (16, 17) . Several key kd mutations in IIL45, IIS5, and IIIS6 are predicted to confer resistance by altering pyrethroid binding (18, 19) . However, this model cannot accommodate mutations detected in other regions of the sodium channel, including the L1021F mutation in IIS6 of the mosquito sodium channel. Analogous mutations, e.g., L1014F in the housefly sodium channel and L993F in the cockroach sodium channel are one of the most widespread pyrethroidresistance mutations in diverse pest species (14, 20) . Furthermore, new sodium channel mutations associated with pyrethroid resistance continue to emerge in various arthropod pests, particularly in disease vectors (12) . For example, as many as seven new pyrethroid-resistance-associated sodium channel mutations (Fig.  1A ) have been reported in Aedes aegypti populations collected from Africa, Asia, and Latin America (12) and, more recently, several new sodium channel mutations are identified to be associated with pyrethroid resistance in Anopheles gambiae (21) and Culex quinquefasciatus (22, 23) . Interestingly, many of these mutations are not located in predicted site 1 (i.e., the IIL45-IIS5-IIIS6 triangle) and their role in conferring pyrethroid resistance remains to be demonstrated experimentally.
None of pyrethroid-resistance-associated mutations detected in mosquito species has been functionally characterized in mosquito sodium channels due to the lack of a functional expression system for mosquito sodium channels. Several years ago, we initiated an effort to study the molecular action of pyrethroids and pyrethroid resistance in mosquitoes. In this paper, we report the successful expression of the Ae. aegypti sodium channel AaNa v 1-1 in Xenopus oocytes. Establishment of this expression system enabled us to systematically characterize pyrethroid-resistance-associated mutations coupled with computer modeling, which led to the discovery of a second putative pyrethroid-receptor site on mosquito sodium channels.
Results and Discussion
Expression and Functional Characterization of a Mosquito Sodium Channel in Xenopus Oocytes. A full-length sodium channel cDNA clone, AaNa v 1-1, was isolated from adults of Ae. aegypti. An initial attempt to express AaNa v 1-1 in Xenopus oocytes, however, produced only small sodium currents. It is known that robust expression of the Drosophila melanogaster sodium channel requires an auxiliary subunit protein temperature-induced paralytic E (TipE) (24, 25) . We cloned a TipE-like cDNA, AaTipE, from Ae. aegypti and used it for coexpression with the AaNav1-1 cRNA (1:1 ratio) in Xenopus oocytes. Indeed, AaTipE significantly increased the amplitude of AaNa v 1-1 sodium currents (Fig. S1B ). The voltage dependences of activation and steadystate inactivation ( Fig. S1C ) are similar to those of sodium channels from other insects (25) (26) (27) (28) .
One major feature of pyrethroid action on sodium channels is the induction of a slowly decaying tail current upon termination of depolarizing pulse (i.e., deactivation following repolarization of the membrane) in voltage-clamp experiments (29) . Because pyrethroids preferably interact with the open state of insect sodium channels (19) , to elicit large pyrethroid-induced tail currents, we applied a 100-pulse train of 5-ms depolarization from −120 to 0 mV, with a 5-ms interval. Pyrethroids are classified either as type I or type II based on their chemical structures, poisoning symptoms, and effects on the nervous system (29, 30) . Compared with type I pyrethroids, such as permethrin (PMT), type II pyrethroids including deltamethrin (DMT) generally modify sodium channel gating more dramatically, causing a much more slowly decaying tail current during deactivation upon repolarization (19) . This was also the case for the AaNa v 1-1 channel ( Fig. S1 D and E). The resulting pyrethroid-induced tail currents serve as a measure of channel sensitivity to pyrethroids (31) .
Five Mutations Confer the AaNa v 1-1 Channel Resistance to Pyrethroid
Insecticides. The establishment of a functional expression system for the AaNa v 1-1 channel enabled us to examine whether any of the seven pyrethroid-resistance-associated mutations found in Ae. aegypti (Fig. 1A ) affect pyrethroid sensitivity of a native sodium channel. In addition, we also examined two mutations, leucine (L) to phenylalanine (F) or serine (S) mutation at amino acid position 1021 (L1021F/S) in domain II segment 6 (IIS6) because they were found in pyrethroid-resistant Anopheles and Culex mosquitoes (12) . The L1021F mutation corresponds to L1014F in the house fly sodium channel and L993F in the cockroach sodium channel, both of which have previously been shown to reduce the sensitivity of respective sodium channels to pyrethroids (12, 14) , whereas the L1021S mutation reduces the sensitivity of a Drosophila sodium channel to pyrethroids (32) . Because S996P and D1794Y mutations are often found to coexist with V1023G in pyrethroid-resistant field populations of Ae. Aegypti (references in ref. 12) , we also examined the effects of two double mutations. Accordingly, a total of nine single mutant and two double mutant AaNa v 1-1 channels were constructed. All mutants generated sufficient sodium currents in Xenopus oocytes for further functional analysis. None of mutations (31) . The number of oocytes for each mutant construct was >5. Error bars indicate mean ± SEM. Asterisks indicate significant differences from the AaNa v 1-1 channel as determined by using one-way analysis of variance with Scheffé's post hoc analysis, and significant values were set at P < 0.05. altered the voltage dependences of activation and inactivation (Table S1) .
To evaluate channel sensitivity to PMT and DMT, the percentage of sodium channels modified by pyrethroids was determined by quantifying the amplitude of pyrethroid-induced tail current (Fig. S1 D and E) (31) . As shown in Fig. 1 B and C, of the six mutations located in IIS6, V1023G, L1021F, and L1021S mutations reduced AaNa v 1-1 channel sensitivity to both pyrethroids, whereas I1018M reduced AaNa v 1-1 channel sensitivity to PMT, but not to DTM. In contrast, I1018V and V1023I did not alter channel sensitivity to either pyrethroid ( Fig. 1 B and C) . Of the remaining three mutations, F1565C in IIIS6 reduced the sensitivity of the AaNa v 1-1 channel to PMT, but not to DMT ( Fig. 1 B and C) . This is in agreement with our earlier findings that this mutation reduces the sensitivity of cockroach sodium channels to type I, but not type II, pyrethroids (33) . In addition, neither V1023G/S996P nor V1023G/D1794Y was more resistant to pyrethroids than the single mutants ( Fig. 1 B and C) . Altogether, our functional analysis using the AaNa v 1-1 channel provides direct evidence for the involvement of three Ae. aegypti mutations (I1018M, V1023G in IIS6, and F1565C in IIIS6) and also two Anopheles/Culex mutations (L1021F/S in IIS6) in AaNa v 1-1 channel insensitivity to pyrethroids. Furthermore, it is worth mentioning that although S996P and D1794Y mutations were concurrent with V1023G in pyrethroid-resistant field populations of Ae. Aegypti, neither of them imposes additive or synergistic effects on the V1023G-mediated pyrethroid resistance.
Molecular Mapping of a Second Pyrethroid-Receptor Site on the AaNa v 1-1 Channel. Two Ae. aegypti kdr mutations confirmed in this study, V1023G in IIS6 and F1565C in IIIS6, are located in the previously identified receptor site (site 1) (Fig. S2) . Surprisingly, the other three kdr mutations, I1018M, L1021F, and L1021S, are not close to site 1 (Fig. S2) . Importantly, kdr mutations at L1021 (corresponding to L1014 and L993 in the house fly and cockroach sodium channels, respectively) are widespread in diverse pyrethroid-resistant populations of many pest species (14, 20) , and the L993F mutation in the cockroach sodium channel has been shown to reduce pyrethroid binding using Schild analysis (18) . These findings raise the possibility that site 1 may not be the only pyrethroid-receptor site on insect sodium channels, as was previously proposed by Vais et al. based on Hill plot analysis (19) . Their work suggested that the M918T mutation in IIL45 (within site 1) in the Drosophila sodium channel reduces the number of apparent pyrethroid-binding sites per channel from two to one (19) . However, the molecular identity of this putative second site remained elusive.
To explore the molecular identity of a second pyrethroidreceptor site on the AaNa v 1-1 channel, we have built a homology model of the inner-pore region of the AaNa v 1-1 channel using the X-ray structure of the potassium channel K v 1.2 (34) . From here on, we replaced the sequence-based amino acid numbering with a nomenclature that is universal for sodium channels and other P-loop ion channels (35) . This nomenclature, which is described in Fig. 2 legend, permits recognition of symmetric positions of amino acid residues in the four homologous domains within the same channel and also comparison with sodium channels from other species (Fig. 2A) . When necessary, we also show the sequence-based residue number in parentheses. According to our model, the three mosquito kdr mutations, I C and a previously identified pyrethroid-sensing residue, F 3i16(1518) , in the cockroach sodium channel (16) are situated in the II/III domain interface within site 1 ( Fig. 2A) . Remarkably, the two pairs of residues [I 2i13(1018) in IS5 (Fig. 2A) . The positions of these residues are analogous to those at site 1 that have been shown to confer pyrethroid resistance ( Fig. 2A) (12, 14) . In addition, we also included another residue, L 1i18 in IS6, whose position is analogous to the kdr mutation V 2i18(1023) G in IIS6 at site 1 that we have confirmed in this study. Three substitutions, I 1k7 A, V 1k11 A, and T 1o13 W, altered the voltage dependence of activation and/or inactivation, whereas other substitutions did not (Table S2 ). In agreement with our prediction, I 1k7 A, V 1k11 A, and L 1i18 G reduced the sensitivity of the AaNa v 1-1 channel to PMT and DMT, whereas I 1o10 C reduced the sensitivity to PMT (Fig. 2 B and C) . Interestingly, none of the three mutations in IS5 reduced the sensitivity to DMT and only one of them reduced the sensitivity to PMT (Fig. 2B) . These results provide experimental evidence to support the existence of a second pyrethroid-receptor site in a pocket formed by the IL45-IS5-IIS6 triangle, but they also suggest that the precise architecture of site 1 and site 2 are not identical because, unlike site-1 mutations in IIS5, some of the corresponding mutations in IS5 did not have a strong effect on DMT or PMT action. (A) Topology of the sodium channel protein indicating key pyrethroidsensing residues in site 1 (triangles) and site 2 (circles). Here we designate residues using the nomenclature that is universal for P-loop ion channels. A residue is labeled by the domain number (1-4, as I-IV in the topology), segment type (k, L45 linker; i, inner helix; o, outer helix), and the relative number of the residue in the segment (50) . (B and C) Percentage of channel modification by permethrin (1 μM) (B) and deltamethrin (1 μM) (C). The number of oocytes for each mutant construct was >5. Error bars indicate mean ± SEM. Asterisks indicate significant differences from the AaNa v 1-1 channel as determined by using one-way analysis of variance with Scheffé's post hoc analysis (P < 0.05).
Refined Modeling of the Pyrethroid-Receptor Site 2 on the AaNa v 1-1 . Due to limited precision of homology models, energy alone could not be used to favor one of the ensembles. To resolve the problem, we searched for possible binding sites of tetramethylcyclopropane, the pyrethroid fingerprint model. Many random starting positions and orientations were generated and MC minimized. Calculations predicted that tetramethylcyclopropane fits a site between IL45, IS5, IS6, and IIS6 (Fig. 3A) . The dimethylcyclopropane ring of DMT can approach this site in the first, but not the second ensemble. We further generated many initial placements of DMT and 1R-cispermethrin (R-PMT), an active isomer of PMT (Fig. S3) , between I 1k7 and L 1i18 of the open-channel model and searched for possible binding modes using many-stage MCM protocol (SI Materials and Methods). The predicted low-energy binding modes of DMT and R-PMT in the I/II interface are rather similar ( Fig.  3 B and C) . Most of the experimentally detected pyrethroidsensing residues in IL45, IS6, and IIS6 form favorable contacts with the ligands. The CCl 2 or CBr 2 group binds between IL45 and IIS6, whereas the phenyl group binds between IS6 and IIS6, suggesting that the pyrethroid agonists increase the current by clamping the domain interface in its open state. Furthermore, the cyano group of deltamethrin directs toward the cytoplasm and binds in the I/II interface, where hydrophilic residues N 2i20 and S 1i29 are located. Further mutational and electrophysiological experiments involving different pyrethroids will be necessary to elaborate a more detailed model for the binding of type I and type II pyrethroids in sites 1 and 2.
In our models, the terminal aromatic group of deltamethrin binds between helices IS6 and IIS6, whereas the dibromoethenyl moiety binds between helices IIS6 and IL45. This orientation of the pyrethroid molecule ensures that the bulky rigid dimethylcyclopropane moiety fits between helices IL45, IS5, IS6, and IIS6, into a seemingly void space "below" the gating hinge (position i14). O'Reilly et al. (15) proposed a model in which the dimethylcyclopropane moiety of acrinathrin and bifenthrin binds "above" the gating hinge, in a region between two inner helices and the pore helix. In the X-ray structures of open potassium channels, contacts between alpha helices above the gating hinge are tighter than those below the gating hinge. Fitting the bulky dimethylcyclopropane moiety in a region of loose intraprotein contacts seems more likely than in a region of tight contacts.
In the completely extended conformation of DMT, the most distant heavy atoms (the terminal-phenyl p-carbon and a bromine) are ∼14 Å apart. The most distant pyrethroid-sensing residues in both K v 1.2-and Na v Ab-based homology models of the AaNa v 1-1 channel are I 1k7 and L 1i18 . C β atoms of these residues are 18.8 and 21.4 Å apart in the respective models, suggesting that simultaneous interaction of DMT with both I 1k7 and L 1i18 is less likely in the closed channel than in the open channel. To test this, we MC minimized the Na v Ab-based model with DMT constrained between I 1k7 and L 1i18 . In the low-energy binding modes of the completely extended conformations, DMT approached I 1k7 , but not L 1i18 (Fig. S4A ). Another striking feature of pyrethroids is their extreme stereospecificity for insecticidal activity: only certain stereoisomers are active (1). For example, among a total of four permethrin isomers, 1R-cis and 1R-trans isomers are active, whereas 1S-cis and 1S-trans isomers are inactive (1). Interestingly, although the inactive 1S-cis PMT (S-PMT) (Fig. S3) does not induce any tail current, it competitively inhibits the tail current induced by R-PMT, suggesting that S-PMT competes for the same binding sites with R-PMT (18, 36, 37) . Consistent with these data, our modeling correctly predicted that S-PMT can bind to receptor site 2, but forms weaker contacts with L 1i18 and I 2i13 compared with R-PMT (Fig. 3D) . The extreme lipophilicity of pyrethroids prevents evaluation of pyrethroid binding using conventional radioligand binding assays (12) . As an alternative method, we have been using Schild analysis to determine the binding affinity of pyrethroids to sodium channels (18, 36, 37) . In this study, we conducted Schild analysis of two additional site 2 mutant channels: I 1k7 A and V 1k11 A. The competitive replacement of R-PMT by S-PMT was significantly less efficient for I 1k7 A and V 1k11 A channels, compared with the wild-type channel (Fig. S5 and SI Results). Our results indicate that both I 1k7 and V 1k11 are involved in the binding of both S-PMT and R-PMT. Superposition of X-ray structures of the pH-gated bacterial potassium channel KcsA and the voltage-gated bacterial sodium channel Na v Ab (38) indicates similar folding of the transmembrane region in the pore module, which supports our model. However, further refining of our model will be necessary when an X-ray structure of a eukaryotic sodium channel in the open state becomes available.
Contribution of Site 2 to Pyrethroid Selectivity on Insect vs. Mammalian
Sodium Channels. A well-known property of pyrethroids is their differential action on insect vs. mammalian sodium channels (30, 39) . Several mammalian sodium channel isoforms, such as rat Na v 1.2 (rNa v 1.2) and rat Na v 1.4 (rNa v 1.4), are virtually insensitive to pyrethroids in in vitro expression systems (27, 40, 41) , which contributes to the favorable selective toxicity of pyrethroids (30, 39) . Previously, the I 2k11 M substitution, which corresponds to the super kdr mutation M 2k11 T in IIL45 (site 1), was found to significantly enhance the sensitivity of rNa v 1.2 and rNa v 1.4 channels to pyrethroids (40, 41) . Our discovery of site 2 prompted us to investigate the role of this site in mediating pyrethroid selectivity. We first explored a sequence alignment between insect and mammalian sodium channels (Fig. S6) to determine species-specific residues at site 2 that would explain the selectivity of pyrethroids between insect and mammalian sodium channels. Site 2 residues are highly conserved in insect sodium channels, but some of them are substituted in mammalian sodium channels (Fig. S6) . Specifically, all insect sodium channels have V 1k11 and I 1o10 , whereas nine rat (also human) sodium channels have L 1k11 and M 1o10 at respective positions, except for T 1o10 in rNa v 1.8 (Fig. S6) . Furthermore, mutational analysis of site 2 residues in the cockroach sodium channel validates the importance of site 2 in pyrethroid sensitivity in another insect sodium channel (Figs. S7 and S8) . Next, we performed amino acid substitution experiments by introducing insect site-2 residues into rat sodium channels. We found that the M 1o10 I substitution alone in rNa v 1.2 or rNa v 1.4 channels did not significantly increase the sensitivity of these channels to DTM (Fig.  4 B and C) . The L 1k11 V substitution significantly increased the DMT sensitivity of rNa v 1.4, but not rNa v 1.2 ( Fig. 4 B and C) . Interestingly, the M 1o10 I/L 1k11 V double mutations significantly enhanced the DMT sensitivity of both rNa v 1.2 and rNa v 1.4 channels (Fig. 4 B and C) . Most remarkably, the L 1k11 V/M 1o10 I/ I 2k11 M triple mutations produced channels that are much more sensitive to DTM than single-or double-mutant channels (Fig. 4 B and C). Taken together, these results demonstrate that site 2 is critically important for the selective action of pyrethroids on insect vs. mammalian sodium channels.
In the absence of X-ray structure of a eukaryotic sodium channel with bound pyrethroids, it is impossible to rule out the possibility that mutations of the residues in the proposed site 2 allosterically modify the binding of pyrethroids to the previously predicted site 1. However, several observations argue against such a possibility. First, the Hill analysis suggests that there is more than one pyrethroid binding site (19) . Second, many residues in site 2 are rather far from the nearest residues in site 1. For example, beta carbons of L 1i18 (site 2) and V 2i18 (site 1) are as far as 13.3 Å apart. Third, the single site-1 model could not explain several kdr mutations, which can now be explained in view of the dual receptor-site model. Fourth, our computational model predicted several previously unknown pyrethroid-sensing residues in site 2. Indeed, subsequent experiments confirmed most of these predictions. Finally, site 2 contains pyrethroid-sensing residues that differ substantially between mammalian and insect channels (Fig. S6) . A model with dual pyrethroid binding sites is therefore consistent with the well-known and fundamentally important selective toxicity of pyrethroids toward insects.
Conclusions and Implications
In this study, by establishing a Xenopus oocyte-based functional expression system for the Ae. aegypti AaNa v 1-1 sodium channel, we discovered a second putative pyrethroid-receptor site. Importantly, this second receptor site is likely universal in insect sodium channels, but is absent in mammalian sodium channels. Together with findings from a previous computer modeling study (15) , our results suggest that simultaneous binding of pyrethroids to two receptor sites in a four-domain sodium channel is necessary to efficiently lock sodium channels in the open state and, thereby, to exert the highly insecticidal action. Specifically, trapping S4-S5 linkers and S6s of both domain I and domain II in the open conformation by pyrethroids is likely necessary to prevent deactivation. The discovery of dual pyrethroid-receptor sites is unprecedented for sodium channel neurotoxins and sets a unique paradigm for further elucidation of the action of pyrethroids at the molecular level. Furthermore, the finding from this study should have significant implications in guiding the development of strategies for monitoring and management of pyrethroid resistance in the control of mosquitoes and other medically and agriculturally important arthropod pests.
Materials and Methods
Cloning and Site-Directed Mutagenesis. Procedures for synthesis of first-strand cDNAs, PCR and cloning of the full-length AaNa v cDNA were similar to those described by Olson et al. (26) . Site-directed mutagenesis was performed by PCR using specific primers and Pfu Turbo DNA polymerase (Agilent). Additional technical details are presented in SI Materials and Methods.
Expression of AaNa v Channels in Xenopus oocytes and Electrophysiology. Procedures for oocytes preparation and cRNA preparation and injection were identical to those described previously (18) . Methods and data analysis for two-electrode voltage clamp recording of sodium currents, measurement of tail currents induced by pyrethroids and Schild analysis were identical to those previously described (18, 31) . Results are reported as mean ± SEM. Statistical significance was determined by using one-way analysis of variance with Scheffé's post hoc analysis, and significant values were set at P < 0.05 as indicated in the figure legends. Additional technical details are presented in SI Materials and Methods.
Computer Modeling. Homology modeling and ligand docking were performed using the ZMM program, which minimizes the energy in the space of internal (generalized) coordinates (42, 43) . Energy was calculated using the AMBER force field (44, 45) . Atomic charges at ligands were calculated with the MOPAC program (46). Electrostatic energy was calculated using the environment-and distance-dependent dielectric function without desolvation energy (47) . Bond angles were kept rigid in the protein, but were allowed to vary in the ligands. The energy optimization was performed by MCM protocol (48) . All molecular images were created using PyMol.
Homology Modeling of the Mosquito Sodium Channel. The X-ray structures of the Na v Ab (6) and K v 1.2 (34) channels were used as templates, respectively, to build the closed and open conformations of the AaNa v 1-1 channel. AaNa v 1-1 was aligned with Na v Ab as in ref. 38 . Extracellular turret regions in AaNa v 1-1 were truncated to match the lengths of the respective regions in Na v Ab. AaNa v 1-1 was aligned with K v 1.2 as in our previous models (49, 50) . The outer pore of sodium channels does not fold like that of K v channels. Therefore, in the K v 1.2-based model the P-loops were truncated at the most C-terminal position of the pore helices. This truncation does not affect ligand docking in the interface between IL45, IS5, IS6, and IIS6, which is too far from the outer pore. The homology models were built and MC minimized as described elsewhere (49) . Docking of each pyrethroid ligand was performed in several stages as described in SI Materials and Methods. 
